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BOUmARY-LAYER VELOCITY PROFILES DOWNSTREAM O F  
THREE-DIMENSIONAL TRANSITION TRIPS 
ON A FLAT PLATE AT MACH 3 AND 4 
By John B. Peterson, Jr. 
Langley Research Center 
SUMMARY 
An investigation was conducted a t  Mach 3 and 4 and a Reynolds number of 
26 x lo6 per meter of the effect of three different configurations (locations and widths) of 
carborundum type transition t r ips  on the boundary-layer profiles downstream of the t r ips .  
The three t r ips  tested were a s  follows: (a) at  the 0.0-centimeter station and 0.64 centi- 
meter  wide, (b) at the 0.64-centimeter station and 0.64 centimeter wide, and (c) at the 
0.64-centimeter station and 0-13 centimeter wide. Several s izes  of carborundum grains 
were tested ranging from a size below that required to t r ip  the boundary layer to a s ize 
more  than twice a s  large as the laminar boundary-layer height at the t r ip  location: The 
boundary-layer profiles were measured a,t a position 21.6 centimeters from the leading 
edge of the flat plate. 
The resul ts  showed that the distortions of the boundary-layer profiles were very 
small .  The variation of the boundary-layer inomentuln thickness with height of the t r ip  
showed "cat the crit ical Reynolds number of the t r ip  was approximately 600 at 
Maeh 3 and more than f 680 a t  Mach 4. Further tests a r e  needed to determine how much 
drag  the various t r ip  configurations generate, before a recommendation can be made 
regarding the best t r ip  configuration to use in  a wind tunnel. 
INTRODUCTION 
One of the most important aspects of wind-tunnel testing of a ircraf t  configurations 
is the accurate determination of aerodynamic drag. Only with accurate wind-tunnel drag 
resul ts ,  together with reliable methods of extrapolating the resul ts  to full-scale Reynolds 
number, can the designer make accuraie predictions of full-scale a i rc raf t  performance. 
Since present-day wind tunnels generally a r e  not capable of duplicating full-scale 
Reynolds numbers, the boundary layers  which develop on wind-tunnel models do not cor- 
respond to the boundary layers  which develop on full-scale vehicles. For  instance the 
boundary-layer natural-transition position on the wind-tunnel model is downstream of the 
corresponding transition position on the full-scale vehicle. Therefore, boundary-layer 
t r ips  a r e  generally used to fix transition on wind-tunnel models ahead of the natural- 
transition position in  the wind tunnel. 
Trips  a r e  valuable aids to wind-tunnel testing for many reasons. Three examples 
of these reasons a r e  a s  follows: 
F i rs t ,  the t r ips  fix the transition position on wind-tunnel models so  that the portion 
of the model in  turbulent flow is known. This information allows the designers to calcu- 
late the skin friction on the wind-tunnel model so  that the wind-tunnel drag resul ts  can be 
extrapolated to full-scale Reynolds numbers. 
Second, the changes in wind-tunnel model drag  due to smal l  changes in  the model 
configuration can be determined more accurately if the transition position is fixed. If the 
transition position is not fixed, the changes in  drag due to model configuration changes 
can be masked by the changes in  drag caused by shifts of the transition position from one 
test  to another. 
Third, tripping the boundary layer on wind-tunnel models insures  turbulent boundary 
layers  over the portions of the model which a r e  expected to be turbulent on the full-scale 
vehicle. Then, characteristics which a r e  sensitive to the condition of the boundary layer ,  
such a s  control effectiveness, a r e  more closely simulated. In addition, i t  is sometimes 
possible to duplicate the relative thickness of the full-scale turbulent boundary layer a t  
certain locations on the wind-tunnel model by fixing transition a t  the proper location. 
This procedure was developed in reference 1 to duplicate the full-scale position of the 
shock wave on a wind-tunnel model wing at transonic speeds. Although tripping the 
boundary layer will not duplicate full-scale conditions exactly, since there is generally 
some Reynolds number effect, a turbulent boundary layer will usually duplicate full-scale 
characteristics more closely than will a laminar boundary layer.  
At subsonic Mach numbers it is possible to t r ip  the boundary layer with roughness 
s izes  which a.re small  in  comparison with the boundary-layer height. At these Mach 
numbers the t r ip  drag for properly applied t r ips  is negligible (see ref. 2), and the distor- 
tions which the t r ip  might cause to the boundary layer a r e  not of much concern. However, 
experience has shown that it becomes more difficult to t r ip  the boundary layer at super-  
sonic speeds and la rger  s izes  of roughness a r e  required. 
In order  to determine whether the roughness s izes  required to t r ip  the boundary 
layer at supersonic Mach numbers cause distortions to the boundary layer,  boundary- 
layer profiles were measured on a flat plate downstream of various s izes  of three- 
dimensional boundary-layer t r ips  made of carborundum particles. In addition to the 
boundary-layer-profile measurements, an unsuccessful attempt was made to measure the 
t r ip  drag by measuring the momentum loss  i n  the entire wake behind the t r ips  from the 
plate surface to the f r ee  s t ream above the leading-edge shock wave. 
In addition to a smooth plate without t r ips ,  three different t r ip  configurations (loca- 
tions 2nd widths) were tested. The s ize of the roughness particles was varied from a 
s i ze  below that required to fix transition to a s ize  la rger  than the boundary-layer thick- 
ness  at the trip. 
The investigation was conducted in  the Langley 20-inch variable supersonic tunnel 
at Mach 3 and 4 and a Reynolds number of 26 x 106 per meter.  
SYMBOLS 
H boundary-layer shape factor, 6*/0 
k height of roughness particles in  boundary-layer transition t r ip  
i? average height of roughness particles in  boundary-layer transition t r ip  
M Mach number 
n number of roughness particles in  boundary-layer transition t r ip  per  unit 
length 
Pt total p ressure  
P' pitot p ressure  
Rk Reynolds number of boundary-layer transition t r ip  based on conditions a t  
height of average roughness particle, u k E j k  
Tt total temperature 
u velocity 
Uk velocity in a laminar boundary layer at position xk and a t  the height E 
Wk width of boundary-layer transition t r ip  
x distance from leading edge 
Xk distance from leading edge of plate to beginning of boundary-layer transition 
t r i p  
Y distance normal to plate surface 
6 boundary-layer total thickness (see appendix) 
6 * boundary-layer displacement thickness (see eq. (1)) 
6k height of laminar boundary layer a t  position xk 
e boundary-layer momentum thickness (see eq. (2)) 




6 conditions a t  edge of boundary layer 
cr i t  value which first moves transition from natural-transition location 
APPARATUS 
Wind Tunnel 
The investigation was conducted in  the Langley 20-inch (50.8-cm) variable super - 
sonic tunnel. This tunnel is of the blowdown type but the storage reservoir  has  sufficient 
capacity for several  minutes of running time a t  the stagnation pressures  used in  these 
tests.  The maximum stagnation pressure obtainable is 125 lb/sq in. (86 newtons/cm2). 
The tunnel has flexible nozzle walls which can be used to vary the Mach number from 2.0 
to 4.5. Electrical resistance heaters a r e  available to heat the air to maintain a stagnation 
temperature above ambient conditions. Further information on the tunnel can be found in . 
reference 3. 
Model 
The test  model was a sharp-leading-edge flat plate mounted vertically in the tunnel 
a t  zero angle of attack on a s t ru t  off the side wall. This model is the same flat plate used 
in  a previous investigation (ref. 4). A sketch and photographs of the model a r e  shown in 
figures 1 and 2. The model had removable leacling edges 2 inches (5,08 cm) wide, which 
were used to change the boundary-layer t r ips  during the investigation. The mismatch 
s tep  between the leading edge and the flat-plate surface was kept to l e s s  than 0.001 inch 
(0.003 cm), and the joint between the leading edge and the flat plate was sealed with a 
silicone rubber compound to avoid a i r  leakage. All the leading edges were kept sharp  to 
avoid disturbances from the leading edge. The leading-edge radius was about 0.0003 inch 
(0.0008 cm). 
In addition to a smooth plate without t r ips ,  three configurations of boundary-layer 
t r ips  were tested. The three configurations a r e  shown in the following table: 
All the t r ips  consisted of carborundum particles glued to the surface with acrylic lacquer. 
Photographs of the boundary-layer trips enlarged about 2.7 t imes a r e  shown in  figures 3 ,  





The average s ize of the carborundum particles tested ranged from 0.0046 centime- 
t e r  (No. 240 grit) to 0.0491 centimeter (No. 40 grit). A representative number of parti-  
c les  (about 200) were measured (in inches) with a measuring microscope and the resul ts  
both in  inches and centimeters a r e  presented in  figure 6. These resul ts  show the per-  
centage of measured particles which fell in  the range of s izes  indicated by the width of the 
ba r s  on the graphs. Some particles were specially sieved to give average particle s i ze s  
which fell between commercially available gr i t  sizes.  The No. 240 sieved gr i t  consisted 
of No. 240 gri t  sieved through a 0.0041-inch (0.0105-cm) sieve onto a 0.0029-inch 
(0.0074-cm) sieve. The No. 120 sieved gri t  was sieved through a 0.0070-inch 
(0.0177-cm) sieve onto a 0.0059-inch (0.0150-cm) sieve and the No. 70 sieved gri t  was 
sieved through a 0.0117-inch (0.0297-cm) sieve onto a 0.0098-inch (0.0248-cm) sieve. 
Instrumentation 
Xk 
0.00 in. (0.00 cm) 
.25 in. ( .64 cm) 
.25 in. ( .64 cm) 
The tunnel total p ressure  and total temperature were measured in  the tunnel set-  
tling chamber ahead of the f i r s t  minimum. The total p ressure  was measured with a 
strain-gage pressure  transducer and the total temperature with a thermocouple refer-  
enced to an electrically regulated hot junction. 
Wk 
0.25 in. (0.64 cm) 
.25 in. ( .64 cm) 
..05 in. ( .13 cm) 
The pressure  on the surface of the flat plate was measured with a static-pressure 
orifice at x = 20.3 centimeters (1.3 cm ahead of the boundary-layer-survey position). 
Pitot p ressures  i n  the boundary layer were measured at a position on the plate 
center line and 21.6 centimeters from the leading edge. This distance from the leading 
edge was the most forward position at which the boundary-layer-survey apparatus could 
conveniently be located during the test. A single pitot tube was t raversed through the 
boundary layer by the boundary-layer-survey apparatus. The pitot tube was flattened at 
the end to a height of 0.02 centimeter. The survey apparatus was capable of positioning 
the pitot p ressure  tube with an accuracy of approximately *0.001 centimeter over a range 
of 2.5 centimeters. All boundary layers  encountered in  this investigation were l e s s  than 
0.6 centimeter thick. The probe was electrically insulated from the flat-plate model, and 
contact with the model surface was indicated by a fouling light on the survey apparatus 
control console. The pitot p ressure  was measured with a strain-gage pressure  
transducer. 
In addition to the boundary-layer survey, an attempt was made to survey the flow 
above the boundary layer with a static and a pitot pressure rake. These rakes were 
located 2.54 centimeters and 6.85 centimeters off the center line of the flat plate and a t  
a position 21.6 centimeters f rom the leading edge of the plate. The rakes a r e  shown i n  
figures 1 and 2. The pressures  on the pitot rake were measured with an alcohol manom- 
e te r  referenced to a pressure measured by two strain-gage pressure  transducers.  The 
pressures  on the static rake were measured with two strain-gage pressure  t ransducers  
mounted on an  electrically actuated pressure-scanning valve. 
All the pressure  transducers and thermocouple outputs were recorded on 10-inch 
(25.4-cm) self-balancing s t r ip  chart  recorders .  The manometer fluid position was 
recorded photographically. 
TESTS 
The tests  were conducted a t  free-stream Mach numbers of approximately 3 and 4. 
For  the Mach 3 tes t  the total temperature and the total p ressure  were approximately 
320° K and 40 newtons/centimeter2, respectively, and for the Mach 4 tests ,  approximately 
3300 K and 71 newtons/centimeter2, respectively. Both test  conditions gave a free-  
s t ream unit Reynolds number of approximately 26 x lo6 per meter.  The total tempera- 
tures  for both test  Mach numbers were chosen to give a recovery wall temperature which 
was near to ambient temperature (about 3000 K) so  that there was no heat transfer at the 
model surface. 
The procedure used to obtain the boundary-layer survey was to drive the probe 
toward the model after the tunnel was s tar ted until the fouling light indicated contact of 
the probe with the model. Then the probe was always moved in  a direction away from the 
plate surface to minimize backlash e r ro r s .  The data points were taken a t  several  posi- 
tions above the plate after the pressure  settled out. 
RESULTS AND DISCUSSION 
Reduction of Pitot-Pressure Survey Data 
The pitot-pressure survey data at x = 21.6 centimeters were used to obtain the 
boundary-layer velocity profiles, the total thickness 6, the displacement thickness 6*, 
and the momentum thickness 8. 
In order  to determine the height of the pitot probe above the surface of the plate, it 
was necessary to determine the position of the plate surface a s  indicated by the probe- 
position indicator. Although the electrical contact indicator gave some indication of the 
plate surface, a method used by Coles (ref. 5) was believed to give more accurate results.  
This method is il lustrated in  figure 7. Since the probe tip was somewhat flexible, it 
would deflect when the boundary-layer-survey apparatus was driven beyond the position 
where the probe touched the flat plate. Therefore, the survey apparatus would give an 
indication that the probe position was lower than the surface of the plate even though the 
probe tip remained on the surface. This effect can be seen in  figure 7 where the pitot 
p ressure  remained constant while the height indication changed from 0.45 to 0.48 centi- 
meter.  A plot s imilar  to the plot shown in figure 7 was used to find the surface of the 
plate for each run. The plate surface is indicated in  figure 7 by the point where a line 
through the points of constant pressure  intersects  with a line faired through the points 
above the surface. 
The Mach number a t  the edge of the boundary layer Mg was used a s  the reference 
Mach number in the calculation of 8 and 6*. 
The value of M6 was determined from the ratio of the pitot pressure above the 
boundary layer p f 6  to the total p ressure  pt. Since the wind-tunnel model was a flat 
plate a t  zero degrees to the f ree  s t ream,  the total pressure above the boundary layer was 
assumed to be equal to the total pressure measured in  the settling chamber. Although the 
s tat ic  pressure  on the plate was measured during the investigation and this pressure  
together with the pitot pressure above the boundary layer could have been used to calcu- 
late Mg, the value of Mg that could be obtained with the ratio of p f 6  to pt was 
believed to be more accurate. 
In order  to determine the Mach numbers and velocities in  the boundary-layer pro- 
fi le,  the static pressure  and the total temperature were assumed to be constant and equal 
to the values in  the flow just above the boundary layer. The static pressure  was calcu- 
lated from the Mg determined by the method previously discussed and the measured 
total pressure.  
The boundary-layer thickness 6 was determined from the boundary-layer profiles 
by the method outlined in  the appendix. 
With the boundary-layer thickness 6 and the assumption that the static pressure  
and total temperature a r e  constant through the boundary layer,  the displacement thick- 
ness  6* and momentum thickness 6 were determined from the following equations: 
The boundary-layer-survey pitot-pressure data were reduced with the aid of a 
digital electronic computer. 
Boundary -Layer Distortions 
The boundary layer on the smooth plate without t r ips  was turbulent at the measuring 
station (x = 21.6 cm). Other tes t s  indicated that natural transition occurred on this model 
at about 5 centimeters f rom the leading edge at the Reynolds number of this test. The 
distortions in the profiles measured behind the boundary-layer t r ips  were determined by 
comparison with the smooth flat-plate turbulent profiles. 
Boundary-layer profiles were measured behind the three different t r ip  configura- 
tions described in  the "Model" section. The f i r s t  two configurations ((a) xk = 0.0 cm 
and wk = 0.64 cm and (b) xk = 0.64 cm and wg = 0.64 cm) were tested as examples of 
t r ips  which a r e  sometimes used but a r e  not recommended (ref. 2). The third configura- 
tion xk = 0.64 cm and wk = 0.13 cm) is an  example of the recommended configuration, ( 
which is a narrow band of sparsely distributed particles placed at a distance from the 
leading edge greater  than the position of the minimum crit ical Reynolds number. The 
Mach numbers and velocities obtained from the boundary-layer surveys a r e  presented in  
table I, and a summary of the boundary-layer profile parameters  is presented in  table 11. 
Plots of the boundary-layer Mach number and velocity profiles measured a t  the 
2 1.6-centimeter station downstream of the three different t r ip  configurations a r e  pre- 
sented in  figures 8 to 19. The data of these figures were plotted on an automatic plotting 
machine from the resul ts  obtained on the electronic digital computer. The smooth-plate 
turbulent profiles a r e  indicated on each of the figures by a dashed line for comparison 
with the profiles measured behind the boundary-layer trips.  The figures a r e  arranged in 
the following order:  
The effect of t r ip  s ize on boundary-layer profiles a t  x = 21.6 centimeters,  for - 
Figure 
Ni6 " 3: 
M / M ~  a s  a function of y . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
M / M ~  as a fetnction of y/ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
M / M ~  a s  a function of y/6 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
M6 = 4: 
M / M ~  a s  a function of y . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
M / M ~  a s  a function of y/ti . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
M / M ~  a s  a function of y/6 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
Mg = 3: 
u/u6 a s  a function of y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 
u/u6 a s  a function of y/ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 
u/u6 a s  a function of y/6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Mg = 4: 
u/u6 as a function of y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 
il/u6 a s  a function of y/0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
u/u6 a s  a function of y/6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 
As expected, except for the t r ips  of smaller  s ize ,  the boundary-layer t r ips  thickened 
the bound.ary layer a s  indicated in  figures 8 and 11 and table PI. The largest  increases  in  
thickness were caused by the t r ips  a t  the leading edge, both because they cause transition 
sooner and because the roughness particles have the greatest  drag, since they a r e  entirely 
exposed to the free-stream dynamic pressure  and a r e  not shielded by the boundary layer 
which is present at  the other two trips.  
The distortion of the boundar3-layer profiles a s  indicated by the plots using the 
nondimensional heights y/ti o r  y/5 is very much l e s s  than expected. Generally, the 
profiles a r e  similar in  shape to the smooth-flat-plate reference profiles. The largest  
s i ze  roughness was more than twice the laminar boundary-layer height a t  the most r ea r -  
ward t r ip  location (xk = 0.64 cm) a s  calculated by the curves in  reference 6. The calcu- 
lated laminar boundary-layer thickness was 0.015 centimeter a t  Me6 = 3 and 0.020 centi- 
meter  a t  M6 = 4. Evidently any distortions which were introduced into the boundary 
layer by the srnaller t r ips  had washed out by the time the flow reached the survey station 
at x = 21.6 centimeters. The slight distortions in  the profiles behind the larger  t r ips  
caused the Mach nu~nbers  and velocities in the lower part  of the nondimensional profile 
(below y/0 5) to be slightly higher than those in  the flat-plate reference profile. (See 
figs. 9(a), (b), and (c), and fig. 12(c).) 
Since the largest  t r ips  greatly increased the boundary-layer thickness, they would 
be expected to reduce the skin friction behind these t r ips  greatly. However, the distor- 
tions in the boundary layer behind the largest  t r ips  a r e  i n  a direction to increase the skin 
friction, as indicated by the velocities i n  the boundary layer near the surface, and there- 
fore the skin friction reduction was not as much as it would have been if the profiles had 
been undistorted. In one case the distortion was large enough to increase the skin fr ic-  
tion more than the thickening of the profile decreased the skin friction. This case  is 
shown in figure 8(c) where the profile for the largest  roughness s ize  shows Mach numbers 
greater than the flat-plate reference profile at heights between 0.01 and 0.10 centimeter. 
Boundary-Layer Momentum Thickness 
The variation of the boundary-layer momentum thickness at the survey station with 
t r ip  average height is shown in  figure 20. The odd behavior of the momentum thick- 
ness  behind the t r ips  beginning at the leading edge shown in figure 20(a) is discussed sub- 
sequently. The curves shown in  figures 20(b) and (c) a r e  typical of the expected variation 
of 9 a s  the t r ip  height is increased. The level of 8 remains constant and equal to the 
value for the smooth flat plate until the t r ip  height reaches the crit ical value necessary to 
t r ip  the boundary layer. As the t r ip  height is increased above the crit ical value the 
momentum thickness is increased, so  that transition appears to have been moved forward 
by the trip. At subsonic and low supersonic speeds the crit ical height of a boundary-layer 
t r ip  is reached when the roughness Reynolds number Rk equals approximately 600. 
(See ref. 2.) The height necessary for an  Rk = 600 is indicated by tick marks i n  fig- 
u re s  2O(b) and (c). As can be seen in  these figures the crit ical Reynolds number Rk,crit 
is approximately 600 at Mach 3 but is higher than 600 at Mach 4. This result  is i n  agree-  
ment with the values of Rk,,,it shown in reference 2, which indicates that the Rk,crit 
is approximately 600 f rom Mach 0 to Mach 3 and increases  sharply above Mach 3. 
Apparently, the transition position is unaffected by the t r ip  at Mach 4 until the t r i p  height 
is above 0.0155 centimeter. This resul t  indicates that the Rk,crit at M6 = 4 was 
greater  than 1680 in this test. 
The height of the laminar boundary layer at the t r ip  location xk = 0.64 cm calcu- ( 1 
lated from the curves of reference 6 is also indicated by tick marks in  figures 20(b) 
and (c). As can be seen the momentum thickness a t  M6 = 3 increases  again a s  the t r i p  
height is increased above the laminar-boundary-layer height and indicates that the t r ip  is 
generating drag; that is, there is an increase in  drag above that associated with moving 
transition forward. 
It must be emphasized that the boundary-layer momentum thickness does not indi- 
cate the entire drag. There is a possibility of some loss  i n  momentum in  the flow above 
the boundary layer as a resul t  of wave drag. An attempt was made to measure this wave 
drag  with rakes,  but the rake static pressures  were not accurate enough to determine the 
boundary-layer-trip drag. Therefore, determination of the totai drag in  these tests  is 
not possible. However, an  increase in  the momentum thickness such a s  that which occurs 
at M6 = 3 when the t r ip  height is greater  than bk does indicate an  increase in  the total 
drag. Since the total d rag  cannot be determined it is not known whether any t r ip  drag  
was present a t  Mg = 3 when i; was below 6k. A comparison between figures 20(b) 
and 18(c) shows that the momentum thickness is slightly higher for the 0.64-centimeter- 
- 
wide t r i p  than for the 0.13-centimeter-wide t r ip  a t  Mb = 3 when k is between Rk,crit 
and 6k. This resul t  indicates that some t r ip  drag is probably present on the 
0.64-centimeter-wide t r ip  at Mb = 3. 
Since the t r ip  was not effective at M6 = 4 until the t r ip  height was approximately 
equal to gk and since only one increase in  the momentum thickness curve is shown in  
figures 20(b) and (c), it is not possible to determine whether the increase in  drag at this 
point included a t r ip  drag. 
In an  attempt to determine the cause of the e r ra t ic  behavior of the momentum thick- 
ness  shown in  figure 20(a), it was noticed that there was a relationship between the mea- 
su red  momentum thickness and the density of the carborundum grains i n  the pictures of 
the t r ips  i n  figure 3. The t r ips  which were abnormally dense corresponded to the points 
which were abnormally high in  figure 20(a). The momentum thickness was found to be a 
nonlinear function of nE2, a parameter proportional to the total frontal a r e a  of the carbo- 
rundum grains i n  a unit length of the t r ip  as shown in  figure 21. The value of n for  the 
various t r ips  is given in  the following table: 
NUMBER OF CARBORUNDUM GRAINS PER CENTIMETER OF TRIP 
Fk = 0.0 cm; wk = 0.64 cm I 
The curves of figure 21 show a much smoother variation of momentum thickness 
than those of figure 20(a) indicating that the momentum thickness downstream of the t r ip  
at xk = 0.0 centimeter is dependent on the number of particles per  unit length of the 
t r i p  n as well as the average particle height E. 
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The variation in  density of the carborundum grains found in  the t r ips  a t  
xk = 0.0 ceiitiinete-i; can also be seen in the p i c h ~ r e s  of the t r ips  at xx = 0.64 centimeter. 
(See fig. 4.) However, the momentum t h i c h e s s e s  shown in  figure 20(b) do not show the 
variation that was noted in  figure 20(a), Evidently 0 is dependent on n only for  t r ips  
which s t a r t  a t  the leading edge. 
CONCLUDING REMARKS 
Measurements were made of the turbulent boundary-layer profiles at a station 
x = 21.6 centimeters downstream of three different configurations of carborundum type 
boundary-layer t r ips  on a flat plate at Mach 3 and 4 and a Reynolds number of 26 X lo6 per 
meter.  The t r ips  were identified by longitudinal position xk and t r ip  width wk. The 
three configurations were (a) xk = 0.0 centimeter and wk = 0.64 centimeter, 
(b) xk = 0.64 centimeter and wk = 0.64 centimeter, and (c) xk = 0.64 centimeter and 
wk = 0.13 centimeter. The first two configurations were examples of t r ips  which a r e  
sometimes used but not recommended. (See NASA TN B-3579.) The third configuration 
is an  example of the recommended configuration of a narrow band of sparsely distributed 
particles placed a t  a distance from the leading edge greater  than the minimum crit ical 
Reynolds number. 
As expected, the t r ips  thickened the boundary layer at the 21.6-centimeter station 
when they tripped the boundary layer ahead of the natural-transition location. Very large 
increases  in  thickness were caused by the t r ips  a t  the leading edge. The distortions of 
the boundary-layer profiles downstream of the t r ips ,  indicated by nondimensional plots of 
the Mach number and velocity profiles were very small  even for t r ips  la rger  than the 
laminar-boundary-layer height a t  the t r ip  location. Evidently, most of the distortions 
which were introduced into the boundary layer by the t r ips  had washed out by the t ime the 
flow reached the survey station a t  the 2 1.6-centimeter station. 
The variation of the boundary-layer momentum thickness with height of the t r i p  
showed that the cr i t ical  Reynolds number of the t r ip  was  approximately 600 a t  
Mach 3 and more  than 1680 at Mach 4, which is in agreement with the curves previously 
published in  PJASA TN D-3599. The momentum-thickness variations also showed that at 
a Mach number at the edge of the boundary layer of 3 the t r ip  produced t r ip  drag when the 
t r ip  height was la rger  than the laminar-boundary-layer height a t  the t r ip  location. 
Whether t r ip  drag was present for t r ip  heights less  than the boundary-layer height was 
not determined. Further tes ts  a r e  needed to determine how much drag the various t r ip  
configurations generate, before a recommendation can be made regarding the best t r ip  
configuration to use in a wind tunnel. 
The resul ts  for the t r ip  at the leading edge showed that the momentum-thickness 
variation was a function of the number of roughness particles i n  the t r ip  per u i t  length r, 
as well as of the average height g. 
Langley Research Center,  
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., August 21, 1969. 
APPENDIX 
DETERMINATION OF THE BOUNDARY-LAYER THICKNESS 6 
Determination of the total boundary-layer thickness 6 has always been a difficult 
problem in boundary-layer experiments. Theoretically, the boundary layer  extends to 
infinity i n  incompressible flow and to a Mach line from the leading edge in  compressible 
flow. However, the 6 of practical interest  is generally much less.  
Several different methods for  determining 6 were examined i n  this investigation. 
Each method has its advantages and disadvantages but none was entirely satisfactory. 
For  this reason, a new method of finding 6 was developed which is explained below. 
Two important characteristics were required of a method for determining 6 i n  
this investigation. First, the method should give a realistic 6 so  that the displacement- 
thickness integration in  equation (1) and momentum-thickness integration in  equation (2) 
includes almost all  of the momentum loss  i n  the boundary layer. Second, the method 
should give consistent and unambiguous values for  6. 
The present method was developed from a solution to the velocity profile i n  a two- 
dimensional wake behind a single body given by Schlichting (ref. 7, p. 494). This solution 
gives 
where 
F a function which determines the center-line velocity of the wake 
b width of the wake 
Y distance from the wake center line 
UW free-stream velocity 
Writing this equation in  t e rms  of the boundary-layer profile gives 
APPENDIX 
If the outer portion of the boundary-layer profile is assumed similar to a wake, then the 
profile obtained by plotting (1 - $-'2 against y3/2 should be a straight line and the 
point on the straight line where = 0 will occur where y3/2 = 63/2. 
This procedure is illustrated in figure 22(a) for the M6 = 3 profile without rough- 
ness. Also shown in figure 22 a re  the results of two other methods of determining 6. 
Figure 22(b) shows the method suggested by Coles (ref. 8) where y is plotted against 
. Figure 22(c) shows the logarithmic method which assumes that the profile is 
a power profile of the form = As can be seen in figures 22 and 23 the method 
u6 
used in this report gives a more realistic 6 and the value of 6 is reasonably 
unambiguous. 
The 6 was determined by this method for each of the profiles measured in this 
investigation and the values obtained a r e  listed in  table 11. 
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TABLE 1.- DATA FROM BOUNDARY-UYIER SURVEYS 
(a) M5 -- 3; Smooth flat plate 
- 
k = Q,O em; Mg = 3,018 
TABLE 1.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued 
(b) M B = 3 ; ~ k = 0 . 0 c m ; w k = 0 . 6 4 c m  
- 
k = 0.0079 cm; M6 = 3.076 
- 
k = 0.0091 cm; M6 = 3.083 
- 
k = 0.0194 cm; M6 = 3.084 
TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued 
(b) M6 = 3; xk = 0.0 cm;  wk = 0.64 cm - Concluded 
- 
k = 0.0286 cm; M6 = 3.084 
TABLE 1.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued 
(e) M6 = 3; xk = 0.64 em;  wk = 0.64 em 
- 




k = 0.0091 em; M6 = 3.089 k = 0.0155 em; Mg = 3.081 
TABLE 1.- DATA FROM BQUIVDARY-MYER SURVEYS - Continued 
(c )  Ivi6 = 3; % = 0.64 cm; wlr, = 0.64 cm - Concluded 
k = 0.0491 cm; Mg = 3.089 
TABLE 1.- DATA PROM BOUNDARY-LAYER SURVEYS - Continued 
(d) M6 = 3; xk = 0.64 cm; wk = 0.13 cm 
I% = 0.0046 cm; Mg = 3.054 = 0.0019 cm; M6 = 3.011 
k = 0.0091 cm; M6 = 3.080 = 0.0155 Cm; M6 = 3.085 
TABLE I.- DATA FROM BBUNDARY-LAYER SURVEYS - Continued 
(d) M6 = 3; xk = 0.64 cm; wk = 0.13 em - Concluded 
k = 0.0194 em; M6 = 3.066 = 0.0286 em; M6 = 3.072 
= 0.0298 em; M6 = 3.082 = 0.0491 em; M6 = 3.087 
TABLE 1.- DATA FROM BOUmARP- M Y E R  SmVEYB - Continued 
( e )  M6 = 4; Smooth flai: plate 
k = 0.0 em; M E  = 4.109 k = 0-0 em; M6 -. 4.105 
- 
k = 8.0 cm; = 4.111 
TABLE 1.- DATA FROM BO'BJWARY-UPER S$%%gVEYS - Continued 
(E) M6=4; .xag=0 .0cm;wk=0 .64  cm 
TABLE I.- DATA FROM BOUNDARY-LAYER SURVEYS - Continued 
(f) Mg = 4; xk = 0.0 cm; wk = 0.64 cm - Concluded 
- 
k = 0.0286 cm; M6 = 4.095 
I 
TABLE I .-  DATA FROM BOUNDARY-LAYER SURVEYS - Continued 
(g) M6 = 4; xk = 0.64 cm; wk = 0.64 cm 
- 
k = 0.0079 cm; M6 = 4.104 = 0.0091 cm; Mg = 4.114 
- 
k = 0.0155 cm; M6 = 4.107 
- 
k = 0.0194 cm; M6 = 4.119 
TABLE I . -  DATA FROM IE3e)UEJT)ARY-UYER Sm'VEYS - Continued 
(g )  M6 = 4; xk = 8.64 cm; wk = 0.64 crn - Concluded 
i = 8.0286 cnl; M~ = .?;.Ic~ = 0.0491 cm; &I6 = 4.131 
TABLE 1.- DATA FROM BOUNDARY-UPER SURVEYS ---- Continued 
(h) M a = 4 ; ~ k = 0 . 6 4 c m ; w k = 0 . 1 3 c m  
%e = 0.0091 em; M6 = 4.098 
- 
k = 0.0194 em; M6 = 4.102 
TABLE 1.- DATA FROM BOUNDARY-LAYER SURVEYS - Concluded 
(h) M~ = 4; xk = 0.64 cm; wk = 0.13 cm - Concluded 
- 
k = 0.0491 cm; M6 = 4.109 
k = 0.0298 cm; M6 = 4.114 
TABU 11.- SUMMARY OF PARAMETERS FROM PROFILE MEASUREMENTS 
[MG = 31 
TABLE If.- S W Y  OF P M T E R S  FROM PROFILE MEASUREMENTS - Concluded 
UL Survey appara tus  
-- 
'jc k' 
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- . -- 
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(a) Gr i t  No. 30 - No. 80. 
Figure 6.- Bar graphs showing dist r ibut ion of measured heights of particles i n  a typical ca rborundum t rans i t i on  t r ip .  
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(b) Grit No. 90 - No. 240. 
Figure 6.- Concluded. 

(a) xk = 0.0 crn; wk = 0.64 crn 
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f o r  f o r  f o r  f o r  f o r  f o r  f o r  
000 A b n 0 0 n 
MIM6 
(b) xk = 0.64 crn; wk = 0.64 cm. 
Figure 12.- Continued. 
(c) xk = 0.64 cm; wk = 0.13 cm. 
Figure 12.- Concluded. 
f o r  f o r  f o r  f o r  f o r  f o r  f o r  
000 A o n o 0 Q 
M l M a  
(a) xk = 0.0 cm; wk = 0.64 cm. 
Figure 13.- Effect of t r i p  size on boundary-layer profi les at x = 21.6 cm. M / M ~  as a func t ion  of y/B; Mg = 4. 


(a) xk = 0.0 cm; wk = 0.64 cm. 
Figure 14.- Effect of t r i p  size on boundary-layer profiles at x = 21.6 cm. u/ub as a funct ion of y; M6 = 3. 
(b) xk = 0.64 cm; wk = 0.64 cm 
Figure 14.- Continued. 
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(a) xk = 0.0 cm; wk = 0.64 cm. 
































(b) xk = 0.64 cm; wk = 0.64 cm. 
































































(a) xk = 0.0 cm; wk = 0.64 cm. 
Figure 18.- Effect of t r ip  size on boundary-layer profiles at x = 21.6 cm. u/u6 as a function of y/0; Mg = 4. 
Figure 18.- Continued. 
(c) xk  = 0.64 c m ;  wk = 0.13 c m .  
F i g u r e  18.- C o n c l u d e d .  
(a) xk = 0.0 cm; wk = 0.64 cm. 
Figure 19.- Effect of t r i p  size on boundary-layer profiles at x = 21.6 cm. u/ub as a function of y/6; M6 = 4. 
(b) xk = 0.64 cm; wk = 0.64 cm. 
Frgure 19.- Continued. 
f o r  f o r  f o r  f o r  f o r  f o r  f o r  
00 0 A 0 n o 0 
u lub  
n 
(c) xk = 0.64 cm; wk = 0.13 crn. 





la) Method used in this report. y3/2 as a function of (I - tr2. 
Figure 22.- Comparison of various methods of determining 6. 
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